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A B S T R A C T
In the summer of 2013, Europe got affected by smoke from wildfires in
North America. A haze was covering the sky, attenuating the incident solar
radiation, at many places in Europe. Especially during two periods, high
values of Aerosol Optical Depth (AOD) were detected by MODIS over Eu-
rope. In omit connection with these periods large aerosol concentrations
were observed over the Atlantic, detected by OMPS. Periods concerned are
from June 22 to 27 and from July 4 to 14. Research shows that the smoke
was most likely due to large fires in Quebec. Sun photometers operated by
AERONET showed an AOD of 1.9 in England on June 26 and 1.5 in Sweden
on July 8. Ceilometers and LIDAR measurements detected the smoke in Bel-
gium, The Netherlands, Sweden and Norway. All on an altitude of 2-4 km.
In the area of interest, research shows that southern part of Norway was in-
fluenced by an AOD of approximately 1.1 on July 11 and 12. Simulations by
WRF show that an AOD of 1.1 would have affected the surface temperature
with 0.25-0.50 degrees. By comparison, an AOD of 10 would have affected
the temperature by 1.7-1.9 degrees, which corresponds to a typical value of
an altostratus cloud. At such high AOD values temperature effect become
non-linear due to saturation effects.
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I N T R O D U C T I O N
A couple of days in the summer of 2013, a haze was covering the sky in
Oslo, Norway. This haze was not cloud particles, which could be detected
by ceilometer measurements. Similar observations were seen in the rest of
Europe for instance by LIDAR measurements in the Netherlands. At Frank-
furt and Paris airport, aircrafts measured higher concentrations of carbon
monoxide during the same period. Observations were understood to be
smoke from wildfires in North America. Figure 1 show a satellite image of
the smoke plume, detected over Scandinavia on July 8.
In Oslo, we were suppose to have beautiful summer days, as in clear sky
and maximum solar insolation. But this smoke was covering the sun and
attenuated the incident radiation. At the institution of Oslo people were
discussing about this event and its impact on the surface temperature. The
smoke layer, by reflection of solar radiation, could have contributed to a
lower surface temperature. This event and discussion were made into a
master thesis, which will be presented here. Research questions are: How
much did the aerosol layer actually affect the surface temperature? Where
did the smoke originate from?
Wildfires occur regularly each summer in North America, which contribute
to large areas burned. But in Canada during the summer of 2013, an area
of 3.8 million hectare was burned. This was more than three times the 10-
yr average. The most affected province was Quebec. It had almost eight
times larger area burned than the 20-yr average and more than thirteen
times larger than the 10-yr average. The area burned in Quebec was ap-
proximately 1.9 million hectares, which is half of the total area burned in
Canada that year. [5]
Wildfires are often ignited by lightening and are therefor difficult to con-
trol. Smoke, which is emitted by biomass burning, is known as aerosols.
Aerosols contribute and respond to climate change, which is well reseac-
thed by the latest IPCC report [2].
Aerosols in the atmosphere can both contribute to a positive and nega-
tive forcing. A positive forcing is a warming of the atmosphere and surface
whereby a negative is a cooling. Interaction with aerosols and radiation can
be due to scattering and/or absorption by short wave (SW) radiation, re-
ferred to the direct effect. Scattering by aerosols result in a negative forcing
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whereas absorption to a positive. Over all, the direct effect of aerosols is
dominated by a negative forcing [15, Hansen et al (2002)]. The direct effect
by scattering of the smoke layer observed over Norway will be researched
in this thesis. Aerosol particles can also change the radiative properties and
lifetime of clouds by acting as an cloud condensation nuclei or ice nuclei
[22, Lohmann and Feichter (2005)]. This effect will not be the subject of this
paper.
The reflection by an aerosol layer in the atmosphere depends on its opti-
cal properties. One of these properties is the Aerosol Optical Depth (AOD).
AOD is a measure of the transparency for the solar radiation going threw an
aerosol layer. Cited by NASA Earth Observations: "An optical thickness of
less than 0.1 indicates a crystal clear sky with maximum visibility, whereas
a value of 1 indicates the presence of aerosols so dense that people would
have difficulty seeing the Sun, even at mid-day!" [27].
Figure 1: RGB Satellite image on July 8 (2013) by Terra-MODIS. Red arrow points
at the smoke plume over Scandinavia. A composite of channels 1 (red,
620-670nm), 4 (green, 545-565nm) and 3 (aqua, 459-479nm), provided by
NERC Satellite Receiving Station, Dundee University, Scotland [32].
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1.1 about this study
The polar-orbiting satellite instruments Moderate Resolution Spectroradiome-
ter (MODIS) and the Ozone Mapping and Profiler Suite (OMPS) are good
tools to detect aerosols globally. Advanced algorithms of the observations
by MODIS and OMPS can retrieve the AOD and aerosol index (AI), respec-
tively. AI is a measure of elevated absorbing aerosols by UV radiation. Pos-
itive values are mostly connected to aerosols from desert dust and biomass
burning.
It is common to sporadically observe high values of AOD over Europe,
since it is common in Europe to get influenced by aerosols transported
from different parts of the world. By researching the AOD over Europe in
the summer of 2013, two periods were seen with high values of AOD for a
longer term. It was also seen that Scandinavia reached high values, which
is not so typical. For example, detected by MODIS, one pixel exceeded a
value of 2.0 over Sweden. This was a pixel surrounded with other high val-
ues, see Figure 2 on July 8. Note here, this was the same day as the RGB
satellite image in previous section, see Figure 1. It is clearly seen, that the
position of the high AOD values observed, had the same position as the
reflected particles pointed out with an arrow.
Associated with the two previous discussed periods, high values of AI was
seen over the Atlantic, see for example July 7 in Figure 3. From May 1 to
September 31, only those two periods had dominated positive values of AI
over the Atlantic. The two periods concerned were from June 22 to 27 and
July 4 to 14. They will further on be called event 1 and event 2, respectively.
A research about events 1 and 2 is presented in chapter 4. The research
is based on various observation systems, for example Ceilometer, MODIS,
OMPS, Sun photometer, HYSPLIT and weather analysis. The instruments
are described in chapter 3 and the theory behind in chapter 2. Connected
to these events a couple of news articles were given, for instance by NASA
Earth Observatory and Monotoring atmospheric composition and climate
(macc). These will also be discussed.
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Figure 2: Daily Time-average Lat-Lon Map of Aerosol Optical Depth (AOD) at 550
nm on July 8, 2013, by MODIS-Terra. 1 x 1 degree. Version 5.1. Images
downloaded from Giovanni online data system [26].
Figure 3: Aerosol Index (AI) Map by OMPS onboard the satellite Suomi-NPP [31].
To research the surface temperature effect of the smoke layer, the Weather
Research and Forecasting (WRF) model was used [42, Skamarock et al.
(2008)]. In the field of meteorology, WRF is a well-known model and gets
used for instance by National Center for Atmospheric Research (NCAR)
and National Centers for Environmental Prediction (NCEP). WRF provide
availability to different SW radiation schemes to calculate the SW fluxes in
the model. SW schemes consider radiation from the solar spectrum being
absorbed, reflected and scattered by the surface and the atmosphere. At-
mospheric gases and the surface interact with SW radiation and in some
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schemes aerosols are taking into account. As the focus in this study is the
direct effect of aerosols on SW radiation, a SW radiation scheme treating
aerosols was desired. NCAR provides a model called NCAR Community
Atmosphere Model (CAM 3.0) [11, Collins et al. (2004)], including a SW ra-
diation scheme optional in WRF. The SW scheme, named CAM shortwave
scheme in WRF, take aerosols into account and therefor give the user op-
portunity to change the aerosol properties.
In this study, the AOD has been changed in the CAM shortwave radia-
tion scheme. The applied method is a One-way nested run using Ndown.
The method is described in chapter 5 and results and discussion in chap-
ter 6. Theory behind the CAM shortwave radiation scheme is described in
chapter 2.
A conclusion of the research on the two events and results of the simu-
lations by WRF are presented in chapter 7.

2
T H E O RY
The definition of an atmospheric aerosol is: a suspension of a fine solid or
liquid particle in a gas [41]. The particle is usually surrounded with air and
has a terminal fall speed close to zero [45].
2.1 radiative effects of aerosols : the direct effect
The direct effect is when solar radiation gets scattered or/and absorbed
by aerosol particles. The reflection and absorption by an aerosol layer of
the atmosphere depends on its optical properties, that is: The Aerosol Op-
tical Depth (AOD), τaer, single scattering albedo, ωaer, and the asymmetry
parameter, gaer [21].
2.1.1 Aerosol Optical Depth
The size spectrum of particles can be described by n(a) [m−3µm−1]. The
total number of particles per unit volume [1 m−3] is given by
N =
∫a2
a1
n(a)da (1)
where a1 to a2 [µm] is the assumed size range of particles. The scattering
and absorption coefficient [m−1], βsca and βabs, respectively, is defined
βsca,abs =
∫a2
a1
σ(a)sca,absn(a)da (2)
where σsca and σabs is the scattering and absorption cross section [m2],
respectively. The coefficients depend on the wavelength, λ, of the incident
radiation. The extinction coefficient is given by
β(λ)ext = β(λ)abs +β(λ)sca (3)
The Optical Depth τ [unitless], also called Optical Thickness, is the extinc-
tion coefficient integrated from an altitude z0 to z [m], defined as
τ(λ) =
∫ z
z0
β(λ)extdz (4)
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By the extinction coefficient of aerosols, the AOD can be retrieved, given
as
τ(λ)aer =
∫ z
z0
β(λ)ext,aerdz (5)
2.1.2 Single-Scattering Albedo
The so-called single-scattering albedo, ω, is a measure of how much light a
particle is influenced by scattering relative to the total amount attained by
extinction. With equation 2 by scattering and equation 3, single-scattering
albedo of aerosols is defined
ω(λ)aer =
β(λ)sca,aer
β(λ)ext,aer
(6)
2.1.3 Asymmetry Parameter
The asymmetry parameter is defined
g(λ) =
1
2
∫1
−1
P(cosθ ′)cosθ ′dcosθ ′ (7)
where θ ′ is the angle between the incident radiation and the scattered ra-
diation. The so-called scattering phase function, P(cosθ ′), is the probability
that photons are scattered in the forward direction. The asymmetry factor
range from -1 to 1. When g=1 it is completely forward scattering and when
g=-1 it is backward scattering. For isotropic scattering, the asymmetry fac-
tor is zero.
2.2 principle of sun photometer
2.2.1 Aerosol Optical Depth Retrievement
The incoming intensity from the sun is proportional to I ∝ 1
r2
. This in
combination with Beer-Bouguer-Lambert law can be written
I(λ) =
r2
r02
I(λ∞) e−τ(λ)m(θ) (8)
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where
I(λ) : monochromatic intensity [W m−2sr−1]
I(λ∞) : monochromatic intensity at top of the atmosphere [W m−2sr−1]
r : actual sun-earth distance [m]
r0 : mean sun-earth distance [m]
and the air mass factor is m(θ) =
1
cos(θ0)
, where θ0 is the solar zenith an-
gle. By sun photometer measurements of I(λ) and an assumption of I(λ∞),
the total optical depth in equation 8 can be obtained. The optical depth
consist of different wavelength-dependent components and they need to be
subtracted to get the Aerosol Optical Depth [24]
τ(λ)aer = τ(λ)−τ(λ)W−τ(λ)Ray−τ(λ)O3−τ(λ)NO2−τ(λ)CO2−τ(λ)CH4 (9)
where W=water vapor, Ray=Rayleigh and the other components are gases,
which are based on assumptions.
2.2.2 Fine Mode Fraction
The Ångström exponent is defined as the first derivative of AOD due to
wavelength in logarithmic scale:
α = −
dlnτaer
dlnλ
(10)
The Ångström exponent can be calculated using two or more wavelengths
and a least square fit. Particle sizes can be described in two modes; fine
mode with particles less than 1µm and coarse mode with particles greater
than 1µm. The aerosol optical depth of fine mode particles are highly sen-
sitive to visible wavelengths (0.5µm) and coarse mode particle to near in-
frared wavelengths (1µm) By using equation 10 with wavelengths of visible
and near infrared, the Ångstrom exponent can be calculated, containing in-
formation of the combined size contributions of fine and coarse aerosols.
While using wavelengths in the visible Ångstrom exponent can be calcu-
lated for fine mode particles. With the two values and their spectral deriva-
tive the fine aerosol depth can be calculated, τf, and then the coarse optical
depth is given by [34]
τc = τaer − τf (11)
The fine mode fraction is then defined
η =
τf
τa
(12)
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2.3 principle of lidar
The Light Detection And Ranging (LIDAR) is an active remote sensing in-
strument. A laser send out short pulses of high power and the backscattered
signal is measured. By the receieved backscattering signal, the comosition
and structure of clouds, aerosols and minor gases in the atmosphere can be
detected.
The the basic LIDAR equation is expressed [21]
P¯r(r) =
PtCArβpi(r)∆h
8pir2
exp
(
−2
∫ r
0
βe(r
′)dr ′
)
(13)
where
C : an instrument factor
Pt : transmitted power [W]
Ar : receiver aperture [m2]
∆h : pulse length transmitted [m]
r : distance from LIDAR (height) as a function of time [m]
βpi(r) : volume backscattering coefficient as a function of height [1/m]
βe(r) : volume extinction coefficient as a function of height [1/m]
C, Pt, Ar, ∆h and r are known parameters. βpi and βe are related to the
optical properties and are unknown. To distinguish between molecular
scattering (Rayleigh scattering) and particle scattering (aerosol and clouds
scattering), these parameters are divided up: βpi,Ray/βe,Ray for Rayleigh
backscattering/extinction and βpi,aer/βe,aer for aerosol backscattering/ex-
tinction. With measured or assumed vertical profiles of temperature and
pressure in the atmosphere, the Rayleigh coefficients, βpi,Ray and βe,Ray, can
be found [18]. In general, a relationship between the backscatter and extinc-
tion coefficient for aerosol particles is given by
L =
βe,aer
βpi,aer
(14)
Reasonable approximation has been found, assuming spherical particles
(Mie theory), that L=0.6525. This value has been used in many cases. [21]
If equation 13 is multiplied with r2, the range dependence will be removed
and the so-called range-corrected signals can be obtained. The range-corrected
signal is making the backscattering of particles be largely dominant.
2.4 satellite remote sensing of aerosols
The technique of instruments on satellites is (in most case) that they mea-
sure the received radiation reflected by the atmosphere and surface, called
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passive remote sensing. From the upscattered (reflected) radiation, aerosol
properties can be derived.
The received radiation at each wavelength can be formed into spectral re-
flectance, ρTOA(λ). The reflectance get contribution from aerosol scattering,
ρaer(λ), Rayleigh scattering, ρRay(λ), and surface albedo, ρsfc(λ), while as-
suming a optically thin atmosphere. The assumption is the explanation why
AOD can not be retrieved during cloudy conditions. To receive the aerosol
reflectance the other contributed reflectances need to be subtracted from
the measured reflectance. Taking into account the bidirectional reflectance
from the atmosphere-surface system the aerosol reflectance is given by [21]
ρaer(λ) = ρTOA(λ) − ρRay(λ) +
ρsfc(λ)
1− ρsrc(λ)ρHem
T(λ) (15)
where T(λ) is the total transmission, including direct and diffuse transmis-
sion, and ρHem is the spherical albedo of the atmosphere. The total trans-
mittance is given by the radiative transfer equations. The spherical albedo
gets less important over low reflecting surfaces and parameterization can
be done. By knowing the spectral dependence of Rayleigh optical depth
and phase function, the Rayleigh reflectance can be calculated. With the
known variables, the spectral aerosol reflectance in equation 15 can be com-
puted and the AOD can be derived, assuming their phase function and
single-scattering albedo. Complicated algorithms is used for MODIS and
described in [20, Levy et al. (2010)].
2.5 aerosol index
Aerosol Index (AI) is an value which indicate the presence of absorbing
aerosols by UV radiation in the atmosphere. The index is calculated from
observations (instrument on satellites) and models. The basic idea is to cal-
culate non absorbing spectral radiance ratios by models and subtract that
value from the spectral radiance ratios observed. The spectral radiance ra-
tios is the spectral contrast between two wavelengths in the UV region,
where ozone absorption is small. AI is defined as [25]
AI = 100 [ log10(Iλ1/Iλ2)measured − log10(Iλ1/Iλ2)calculated ] (16)
where I is the measured and calculated (models) spectral radiance for typ-
ically wavelengths of λ1=360 nm and λ1=331 nm. A positive AI represents
UV absorbing aerosols, like smoke and dust, a negative value represents
non UV absorbing aerosols and clouds.
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2.6 wildfires
Emissions to the atmosphere from wildland fires consist of a wide variety
gases and particulate matter, such as the greenhouse gases carbon diox-
ide (CO2), methane (CH4), nitrous oxide (N2O), photochemically reactive
compounds carbon monoxide (CO), nonmethane volatile organic carbon
(NMVOC), nitrogen oxides (NOx) and fine and coarse particulate matter.
The emissions depend on vegetation type and flaming or smoldering com-
bustion. [44]
The particle sizes in emissions from biomass burning can be described by
different modes: nucleation mode, accumulation mode and coarse mode.
Accumulations mode is the dominated one and has a size range of 0.1-
0.15µm. Accumulation mode consist of organic matter, black carbon and
inorganic materials. When smoke is freshly emitted it is usually in the nu-
cleation mode with diameters <0.03µm. Small timescales, a few minutes
to a half a hour after emission, coagulation takes place, and particles in
the nucleation mode transfer into the accumulation mode. [16, Janhäll et al.
(2010)] Typical sizes of coarse mode particles is 2.5 µm-15 µm and stands
for 10% of the accumulation mode particles. The accumulation mode par-
ticles consist mainly of organic carbon (∼50-60%) and a small amount of
black carbon (∼5-10%). [37, Reid et al. (2005)] Organic carbon and black
carbon can last in the troposphere for approximately 1 week, when they
further on get removed by wet or dry deposition. Different properties of
the aerosols make the organic carbon interact mainly by scattering of solar
radiation and black carbon through absorption. [2]
2.7 cam shortwave scheme
CAM shortwave scheme [11, Collins et al. (2004)] is treating each column in-
dependently, so-called one-dimensional scheme. This is the same approach
for all radiation schemes in WRF. Fluxes are computed for every infinite
horizontally uniform layer, where the sum of the fluxes provides the at-
mospheric heating. Short wave and long wave heating rates are computed
every hour.
The solar spectrum is divided into 19 discrete spectral intervals, ranging
from 0.2 to 5 µm. Different bands take care of different extinction proper-
ties by gases and aerosols. The greenhouse gases ozone, water vapor and
carbon dioxide, stands for seventeen bands and one is for visible radiation
and one for near-infrared. The visible band range from 0.35 to 0.64 µm.
Calculations of shortwave formulations are made by δ-Eddington approxi-
mation [3, Briegleb, B. P. (1992)].
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2.7.1 δ-Eddington approximation in CAM
The atmosphere in the model is divided into a number of vertical layers.
For each model grid point, every layer is assumed to be horizontallly and
vertically homogeneous. On the layer interface, the upward and downward
fluxes are computed for each spectral band. Every homogeneous layer will
absorb and/or scatter radiation. Absorption and scattering by the layer are
due extinction optical depth, see equation 9, single scattering albedo, see
equation 6, asymmetry parameter, see equation 7, and forward scattering
fraction. These bulk layer properties for each grid box, are defined by [9,
Cess, R.D. (1985)]
τ =
∑
i
τi (17)
ω =
∑
i
ωiτi
τ
(18)
g =
∑
i
giωiτi
ωτ
(19)
f =
∑
i
fiωiτi
ωτ
(20)
Scattering of radiation by atmospheric particles is in general highly peaked
in the forward direction. The Eddington approximation for highly asym-
metric phase functions is not accurate and therefor the forward peak of the
phase function need to be approximated as a δ-function. This leads to an
adjusted extinction optical depth, single scattering albedo and asymmetry
factor, defined
τ∗ = τ(1−ωf) (21)
ω∗ = ω
(
1− f
1−ωf
)
(22)
g∗ =
g− f
1− f
(23)
With adjusted properties, the reflectivity and transmissivity due to direct
radiation and diffuse radiation at a cosine zenith angle can be calculated for
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each layer, for details see [10, Coakley et al. (1983)]. The layers are then com-
bined assuming radiation scattered once, is diffuse. The interface between
each layer is combined and at every interface reflectivities and transmissivi-
ties are available. With these values the upward and downward flux at each
interface can be computed. The upward and downward fluxes are summed
for every spectral interval, called spectrally integrated fluxes. The upward
and downward spectrally integrated fluxes are differenced to maintain the
heating rate.
3
I N S T R U M E N T S
To detect the smoke plumes over Europe, various observation systems were
used. This chapter will describe different observation system and data ac-
cess.
3.1 ceilometer at oslo-blindern
Ceilometer Jenoptik CHM15K, located on the roof of Meteorologisk Insti-
tutt at Blindern/Oslo, Norway, provides information about atmospheric
aerosols and droplets. It measures for instance cloud base height for 3 lay-
ers and aerosol backscatter profiles. The measuring range goes up to 15 000
meter. Using the principle of LIDAR, described in chapter 2 under section
2.3, the instrument can detect particles by the backscattered laser light. [17]
Data from the ceilometer at Meteorologisk Institutt was downloaded at
ftp://ftp.met.no/users/ceilometer, access provided from the co-supervisor of
this thesis, Michael Schulz. Ceilometer data for aerosol backscatter profiles
and cloud base height was computed with Matlab.
3.2 aeronet
The AErosol RoboticNETwork (AERONET) is an aerosol network based on
ground-based remote sensing, see chapter 2 under section 2.2. AERONET
is established by NASA and PHOtométrie pour le Traitement Opérationnel
de Normalisation Satellitaire (PHOTONS) in a partnership with variety uni-
versities, institutes and national agencies worldwide. Data are available,
among other parameters, for the AOD, Ångstrom parameter and Fine Mode
Fraction. Different levels describe the quality of the data: Level 1.0, Level
1.5 and Level 2.0. Level 2.0 has the best quality. It is cloud-screened and
quality assured. Level 1.5 and Level 1.0, is cloud-screened and unscreened,
respectively. [24]
3.3 modis
Moderate Resolution Imaging Spectroradiometer (MODIS) is an instru-
ment, using the technique of passive remote sensing of aerosols, see chapter
2 under section 2.4 for theory behind. The instrument is carried by the polar-
orbiting satellites Terra and Aqua, which are included in NASA’s Earth Ob-
serving System (EOS). Terra is passing the equator, from north to south, at
15
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10:30 a.m and Aqua is passing, from south to north, at 1:30 p.m. Terra and
Aqua cover the Earth in 1 to 2 days.
MODIS receives radiation at wavelengths ranging from 0.4 µm to 14.2 µm.
Seven bands can retrieve aerosol information. The channels are 1, 2, 3, 4,
5, 6 and 7, named as 0.66, 0.86, 0.47, 0.55, 1.24, 1.64 and 2.12 µm channels,
respectively.
MODIS on Terra and Aqua has advantages and disadvantages. Terra and
Aqua, because of their polar orbit, can not provide continuous viewing of
one location, which can be done by geostationary satellites. On the other
hand, the polar-orbiting satellites give higher resolution and can also de-
tect on higher latitudes. According to [38, Remer et al. (2005)], the MODIS
aerosol optical depth product has an uncertainty of ∆τ± 0.03± 0.05τ over
ocean and ∆τ±0.05±0.15τ over land, validated with two years of AERONET
data. MODIS also has impossibilities of detecting AOD under a cloud cover
and sometimes AOD pixels are misidentified with cloud pixels. In the
end, despite disadvantages, the AOD product is a good tool for detecting
aerosols globally over land and ocean.
The images used in this study are the "Aerosol Optical Depth at 550 nm"
by MODIS Aqua and Terra version 5.1. The images were produced with
Giovanni online data system [26], developed and maintained by the NASA
Goddard Earth Sciences Data and Information Services Center (GES DISC)
[1]. It is a daily global 1 x 1 degree product, which in this case a Lat-Lon
map has been used.
3.4 hysplit
Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model
is an web-based tool, provided by NOAA Air Resources Laboratory. The
model can compute forward and backward trajectory of an air parcel. In
this study, back trajectories from event 1 and 2 are computed from defined
altitudes in Europe. [12]
3.5 omps
The Ozone Mapping and Profiler Suite (OMPS) is an instrument flying on-
board the Suomi National Polar-orbiting Partnership (Suomi-NPP) satellite,
established by NASA. The instrument is a back-scattered UV radiation sen-
sor. The parameter used in this study is the Aerosol Index, which is based
on the theory in chapter 2 under section 2.5. [31]
The Aerosol Index (AI) has sensitive to the amount, size distribution and
height of the absorbing aerosols [43, Torres et al. (1998)].
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3.6 caliop
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is an nadir-
viewing instrument flying on Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) satellite, established by NASA and the
French space agency, CNES. CALIOP uses the principle of LIDAR, see chap-
ter 2 under section 2.3. The laser beam transmitted (1064 nm and 532 nm)
is linearly polarized. The receiver is sensitive to polarization, which can re-
trieve the degree of linear polarization. CALIOP provide aerosol and cloud
profiles and is especially useful in the presence of high thin clouds and high
aerosol layers. [46, Winker et al. (2007)]

4
W I L D F I R E R E S E A R C H A N D S M O K E D E T E C T I O N O V E R
E U R O P E
This chapter will research event 1 and event 2. Recall, event 1 is from June
22 to 27 and event 2 from July 4 to July 14, 2013.
4.1 event 1 : smoke detection over europe
MODIS observations for AOD at 550nm showed that on June 25 two pixels
exceeded a value of 4.6 south of England. The pixels were surrounded with
values higher than 2, see Figure 4a. The following day, see Figure 4b, there
are still high values of AOD in the area. Centered over England, values are
approximately 1, with one pixel of 1.9 on the west coast of France. The im-
age on June 27 is not shown in this paper, but is similar to the image on
June 26, but more centered over the boundary between France and Spain.
AERONET observations by sun photometer showed an AOD of 1.9 at 500nm
at the cite Wytham Woods on June 26. Wytham Woods is located 5 km
northwest of Oxford in England (51N,1W). At the cite Coruna, on the west
coast of Spain (43N,8W), an AOD value of approximately 0.8 at 500nm was
detected on June 27. Both AOD observations are level 2.0 data, which are
cloud-screened and quality assured. [24]
Ceilometer at Uccle, Neatherlands, detected smoke particles on June 26,
see Figure 5. The smoke plume was located on an altitude of 3.5 km and
had a thickness of approximately 500m. [39].
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(a)
(b)
Figure 4: Daily Time-average Lat-Lon Map of Aerosol Optical Depth (AOD) at 550
nm on June 25 (a), by MODIS-Aqua, and June 26 (b), MODIS-Terra. Both
from year 2013. 1 x 1 degree. Version 5.1. Images downloaded from Gio-
vanni online data system [26].
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Figure 5: Ceilometer measurements of backscatter on June 26 in Uccle, Neather-
lands, by The Royal Meteorological Institute of Belgium (RMI) [39].
4.2 event 1 : wildfire research
OMPS observations for AI show a concentrated aerosol plume over the At-
lantic just two days before the smoke reached south of England (June 25),
see AI in Figure 6 for June 23 (a), 24 (b) and 25 (c). On June 25, aerosols
south of England are on the same position as the high values of AOD de-
tected by MODIS, see previous Figure 4a. AI is sensitive to height and
aerosol concentration, which indicates that the aerosols was on a high alti-
tude and had large concentrations when traveling over the Atlantic.
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(a)
(b)
(c)
Figure 6: OMPS Aerosol Index (AI) Maps on June 23 (a), June 24 (b) and June 25
(c), by the satellite Suomi-NPP. All from year 2013. [31]
That smoke from North America reached Europe on June 25 is discussed
in a couple of news articles, for example by NASA Earth Observatory.
NASA Earth Observatory describe that the main source of the smoke trans-
portation over the Atlantic was Quebec (Canada) but may have had contri-
bution from wildfires in Colorado (U.S) [29]. The Royal Netherlands Meteo-
rological Institute (KNMI), on the other hand, describe only that the smoke
originated from wildfires in Colorado, in the Rio Grande National Forest
around West Fork. The fire ignited by lightening on June 5 and increased
rapidly because of strong winds on June 20. [19] The research by KNMI
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was based on satellite measurements of AI. As can be seen for AI measure-
ments on June 23, see previous Figure 6a, the satellite detected one smoke
plume east of Newfoundland (south of Greenland) and one south of James
bay (west of New York). The smoke in the center of U.S is the wildfires in
Colorado. The smoke plume east of Newfoundland was of most likely the
one reaching Europe, according to the same structure and the continuity of
movement eastward on the next two days (see the next two days 6b and 6c).
The smoke plume south of James Bay has a banana shape. In the weather
situation of the geopotential height at 500mb, see Figure 7, the shape of
the isohyps are similar to the shape of the smoke plume. The winds follow
the isohyps and they are leading back to Colorado (center of U.S), where
windspeed of 50 knot is observed. It is therefor understandable to think
that colorado is the source of both smoke plumes. As we will see, this was
probably not the case.
The smoke tracking described in NASA Earth Observatory was based on a
forward trajectory analysis by the meteorologist Alain Malo at the Meteo-
rological Service of Canada [29]. Figure 8 show the mass loading on June
23, at 01:00 UTC (a) (1 hour after start) and at 20:00 UTC (b). Figure 9 show
for June 25, at 17:00 UTC. The source was east of Manicouagan Lake (Que-
bec). The round circle west of the source in Figure 8a is the Manicouagan
Lake. As can be seen in Figure 8b on June 23, the position and structure of
the smoke plume is in a goos agreement with the observations detected by
OMPS, see previous Figure 6a. As well as the position of the smoke plume
south of England, compare Figure 6c and 9.
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Figure 7: 500 mb Height Analysis (GFS model) and Rawinsonde Obs on June 23 at
1200 Z, 2013. Satellite infrared image is from GOES-West & East. [4]
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(a)
(b)
Figure 8: Forward trajectory analysis for relative mass loading [mass unit/m2] on
June 23 at 01:00 UTC (a) (1 hour after start) and at 20:00 UTC (b). Start of
trajectory on June 23 at 00:00 UTC, source east of Manicouagan Lake in
Quebec, Canada. [29]
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Figure 9: Forward trajectory analysis for relative mass loading [mass unit/m2] on
June 25 at 17:00 UTC. Start of trajectory on June 23 at 00:00 UTC, source
east of Manicouagan Lake in Quebec, Canada. [29]
As the smoke plume in Europe was detected on an altitude of 4 km, see
previous section 4.1 in Figure 5, a back trajectory by HYSPLIT can be made,
see figure 10. The back trajectory indicates further again that the air mass
originated from east of New Foundland and further over Quebec.
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Figure 10: NOAA HYSPLIT model. Back trajectories from south of England, start-
ing on June 25 at 12 UTC, 2013. Starting altitudes are: 3000 km (red),
4000 km (blue) and 5000 km (green). [12]
The Canadian Wildland Fire Information system announced on June 26
an weekly area burned in Canada of approximately 500 000 ha, which was
twice the 10 yr average that week. The large area burned was due to large
wildfires in Quebec, which accounted for 92 %. [7]
PyroCb, by Cooperative Institute for Meteorological Satellite Studies, de-
scribe that the fire east of Manicouagan Lake in Quebec was centered near
51.6 N and 66.2 W on June 22. Observations from the satellite GOES-13,
by comparing the visible channel (0.63 µm) and the IR channel (3.9 µm),
showed the development of a very large smoke plume during the day. The
footprint of the fire "hot spot", seen in the IR channel, grew in the same time
as smoke grew in the visible channel. VIIRS, MODIS and AVHHR showed
in the IR shortwave images (3.74 µm) that the size of the footprint of the fire
"hot spot" grew rapidly in the period from June 22 at 00:06 UTC to June 23
at 21:09 UTC. The coldest cloud-top IR brightness temperature was -27.5 ◦
C and seen at 17:09 UTC on June 22, based on a comparison with different
channels on VIIRS (0.64 µm visible channel, 11.45 µm IR channel, 3.74 µm
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shortwave IR channel and 0.7 µm Day/Night Band). [35]
The smoke was captured east of Newfoundland by MODIS-Aqua on June
23 at 16:05 UTC, written by NASA Earth Observatory. A comparison with
CALIPSO measurements at the same location at 16:14 UTC, showed that
the smoke plume was on an altitude of 2 to 6 km. The detection was for the
smoke plume east of Newfoundland, see Figure 6a. The smoke was high
enough to be over the boundary layer, according to the article. [28]. Also
seen in the weather analysis at 500mb, see Figure 7, windspeed is 50 knot
over the area.
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MODIS observations for AOD at 550nm showed that on July 8 one pixel
exceeded a value of 2.0, surrounded with values of 0.8 to 2.0, centered over
Sweden, see Figure 11. On July 11, one pixel exceeded a value of 1.6, sur-
rounded will values of 0.7 to 1.6, centered on the west coast of Norway
over Bergen, see Figure 12. On July 12, one pixel exceeds a value of 1, sur-
rounded with values in the interval 0.5 to 1, see Figure 12.
AERONET observations of AOD for different cites can be seen in table
1. What can be seen, an AOD>1 was detected in France on July 6 and 12, in
Sweden on July 8, in Belarus on July 9 and 10 and in Italy on July 13. The
detected AOD at Birkenes, Norway, on July 12 corresponds to the same
magnitude detected by MODIS, see Figure 12. At Gustav Dalen Tower and
Palgrunden, Sweden, on July 8 the AOD values do not reach the magnitude
of 2, detected by MODIS, see 11 What should be noted, these cites are lo-
cated south of the maximum seen by MODIS.
Ceilometer at Oslo-Blindern, Norway, detected the smoke plume on July
8 (Figure 13), 11 (Figure 14a) and 12 (Figure 14b). The smoke plume was
on an altitude of 3-4 km and approximately 1 km thick on July 12. LIDAR
observation from Cabauw, Netherlands, show the smoke on an altitude at
2 km on July 9, see figure 15 [40]. Ceilometer measurements in Putbus, Ger-
many, detected the smoke plume on the same day, see Figure 16 on July
9, on an altitude of 3 to 6 km [23]. As can be seen in Figure 14b at Oslo-
Blindern on July 12 the smoke plume is first seen at 6:00 UTC. Just before
6:00, the AOD increases at Birkenes, see Figure. The Figure also present the
fine mode AOD, and this curve follow the total AOD. Therefor, the particles
were most likely fine mode particles.
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Cite 6 7 8 9 10 11 12 13 14
Norway, B (500nm) 0.4 0.4 0.6 0.2 0.1 0.5 1.1 0.5 0.1
Sweden, GDT (553nm) 0.2 0.5 1.5 0.3 0.2 0.4 0.4 0.7
Sweden, P (555nm) 0.4 0.5 1.3 0.1 0.1 0.2 0.7 0.8 0.3
Belarus, M (440nm) 0.4 0.3 0.2 1.0 1.2 0.5 0.5 0.2
Italy, I (555nm) 0.6 0.5 0.8 0.4 0.4 0.2 0.7 1.1 0.4
France, D (500nm) 1.1 0.6 0.4 0.2 0.1 0.2 0.6 0.9
France, Pa (500nm) 0.3 0.3 0.2 0.2 0.4 0.5 1.0 0.8 0.4
Table 1: AOD by AERONET from July 6 to July 14, 2013, at cites B=Birkenes
(58N,8E), P=Palgrunden (58N,13E), GDT=Gustav_Dalen_Tower (58N,17E),
M=Minsk (53N,27E), I=Ispra (45N,8E), D=Dunkerque (51N,2E) and
Pa=Paris (48N,2E). Values are the highest of the day, hand picked. All
Level 2.0 (unscreened and quality assured) except from Birkenes, which is
Level 1.5 (unscreened). [24]
Figure 11: Daily Time-average Lat-Lon Map of Aerosol Optical Depth (AOD) at 550
nm on July 8, 2013, by MODIS-Terra. 1 x 1 degree. Version 5.1. Images
downloaded from Giovanni online data system [26].
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(a)
(b)
Figure 12: Daily Time-average Lat-Lon Map of Aerosol Optical Depth (AOD) at
550 nm on July 11 (a), by MODIS-Terra, and July 12 (b), MODIS-Aqua.
Both in year 2013. 1 x 1 degree. Version 5.1. Images downloaded from
Giovanni online data system [26].
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Figure 13: Normalized range corrected signal by Ceilometer at Oslo-Blindern, Nor-
way, on July 8. Green dots represents cloud base height. Time on the X
axis and altitude in kilometer on the Y-axis.
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(a)
(b)
Figure 14: Normalized range corrected signal by Ceilometer at Oslo-Blindern, Nor-
way, on July 11 (a) and July 12 (b), 2013. Green dots represents cloud
base height. Time on the X axis and altitude in kilometer on the Y-axis.
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Figure 15: LIDAR observation from Cabauw in Netherlands on July 9, 2013, pro-
vided by the Royal Meteorological Institute of Belgium [40].
Figure 16: Ceilometer (CHM 15k) measurements in Putbus, Germany, on July 9,
2013. [23]
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Figure 17: Spectral De-Convolution Algorithm (SDA) Retrievals of the Aerosol Op-
tical depth at 500nm on July 12, at Birkenes, Norway. Total, fine mode
and coarse AOD represents the black, red and blue curves, respectively.
[26]
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Detections by OMPS, see Figure 18 from July 4 to 6 and Figure 19 from July
7 to 9, show high concentrations over the Atlantic. By the day of July 6, the
smoke plume leaves the coast of Canada, outside Newfoundland. By the
day of July 8, high AI values are seen over Sweden. The smoke plume has
the same position and structure as the high AOD, detected by MODIS, see
Figure 11.
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(a)
(b)
(c)
Figure 18: OMPS Aerosol Index (AI) Maps on July 4 (a), July 5 (b) and July 6 (c),
from the satellite Suomi-NPP. All from year 2013. [31]
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(a)
(b)
(c)
Figure 19: OMPS Aerosol Index (AI) Maps on July 7 (a), July 8 (b) and July 9 (c),
from the satellite Suomi-NPP. All from year 2013. [31]
Monotoring atmospheric composition and climate, macc, made a MACC-
II’s global forecasting of the period, which showed the smoke originated
back to wildfires in Canada, see Figure 20 The forecast was supported with
observations from MODIS, MOPITT (Measurements Of Pollution In The
Troposphere) and IASI (Infrared Atmospheric Sounding Interferometer) in-
struments. The model is initiated with values from GFAS algorithm, which
is a daily global map for the emissions of the observed fires in Canada and
United States. Validation of the 5-day forecast was done with aircraft obser-
vations, measuring carbon monoxide concentration. The carbon monoxide
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concentration was detected on an altitude of 3 km at Frankfurt airport and
2 km at Paris airport on July 6, see Figure 21. [23]
Figure 20: Carbon monoxide at 500mb on July 8 00 UTC, 2013 [23].
(a) (b)
Figure 21: MACC-II forecasts of CO profiles compared to IAGOS aircraft observa-
tions over Frankfurt and Paris on July 6 [23].
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Geopotential height at 500mb on July 4, see Figure 22a, show a low pres-
sure northeast of James Bay with winds of 55 knot over Newfoundland and
Labrador. Geopotential height on July 7 show a trough over the Atlantic. By
looking at AI on July 7, see figure 19a, the isohyps and the smoke plume
has the same structure in the trough over the Atlantic. A back trajectory by
the HYSPLIT model further again indicates that the smoke originated from
Quebec, see Figure 23. The trajectory also goes over the Eastmain region
east of James Bay.
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(a)
(b)
Figure 22: Geopotential height at 500 mb on July 4 at 12:00 UTC (a), by California
Regional Weather server [4], and July 7 at 12:00 UTC (b), by Eumettrain
[14]. All in year 2013. Figure (b) is expressed in geopotential decameters
(gpm.).
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Figure 23: NOAA HYSPLIT model. Back trajectories from Oslo, Norway, starting
on July 8 at 12 UTC, 2013. Starting altitudes are: 3000 km (red), 4000 km
(blue) and 5000 km (green). [12]
Canadian Wildland Fire Information System reported on July 10 an weekly
area burned of approximately 850 000 ha, which was four times the 10-year
average. Quebec accounted for 66% of the area burned. [7]
PyroCb, by Cooperative Institute for Meteorological Satellite Studies, de-
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scribed that fires in the Eastmain region of Quebec on July 4 produced a
large amount of smoke, detected in the visible channel 0.63µm by GOES-
13. After 21:55 UTC, several dense smoke plumes and pyrocumulonimbus
were observed. The "hot spots" in increased during the day, seen by short-
wave IR images (3.9 µm) by GOES-13. The IR brightness temperatures was
observed to around -40 ◦C, by longwave IR image from GOES-13. [36]
The Eastmain fire ignited by lightening on May 25. The fire was the 2nd
largest fire since records began 1959. On July 4 the smoke cut the power
to Montreal’s subway system and to 10% of the population of Quebec. [6]
According to CBC News 261 people had to be evacuated by plane from the
Cree community of Eastmain on June 28 [8].
4.5 values to insert in wrf
The area of interest in this thesis is the southern part of Norway. According
to MODIS observations, the area got mostly influenced by the smoke on
July 11 and July 12, see Figure 12. AOD detection by MODIS and AERONET
pointing towards an value of at least 1.1. Simulations in this thesis will
therefor investigate the surface temperature effect of an AOD=1.1 from July
11 to 12, 2013. The model will be run for two extra days to investigate what
is happening to the domain. The domain will be a size of the detected AOD
values on July 12, by MODIS. The AOD value will be placed on an altitude
of 3-4 km, because of the detection by ceilometer, see Figure 14.
5
M E T H O D
Research about wildfires and detection of smoke over Europe were re-
searched in chapter 4. Based on this information, see section 4.5, the WRF-
model was used to simulate the influence of the smoke on the surface tem-
perature. This chapter will describe the method applied by WRF, see section
5.1. The chapter will also contain a description of the synoptic observations
from Eklima and ERA-Interim, since these are going to be compared with
the simulations, see section 5.2 for Eklima and section 5.3 for ERA-Interim.
5.1 wrf
TheWeather Research and Forecasting (WRF) model is a numerical weather
prediction system. WRF has a Pre-Processing System called WPS, which
puts geological and meteorological fields into initialization data. It has
two dynamical solvers, one for research and one for operational forecast-
ing, named ARW (Advanced Research WRF) and NMM (Nonhydrostatic
Mesoscale Model), respectively. [42, Skamarock et al. (2008)]
In this study, version WRFV3.5.1 is used in combination with the dynami-
cal solver ARW.
AOD, single-scattering albedo and asymmetry parameter controls the di-
rect radiative effect of aerosols, see chapter 2 under section 2.1. AOD is
currently set to zero in WRF and single-scattering albedo and asymmetry
parameter has set values, see section 5.1.5 below for exact values. AOD can
therefor be changed in the domain. One simulation with an selected AOD
and one with zero AOD can give us knowledge about the affect of the sur-
face temperature with and without aerosols.
A global model need to provide boundary conditions for the domain. There-
for, the domain need to be large enough to get unaffected by these boundary
conditions. But, as the purpose in this study is to change AOD to observed
values for the whole domain, the size is too large to correspond to AOD
observations by MODIS. To solve this problem, the method of an One-way
Nested Run using Ndown for a parent and nested domain was chosen. Not
only will it solve that problem, the method will also give less computation
costs.
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5.1.1 Model setup
Two domains are selected, one parent domain with horizontal grid points
140 x 140 and one nested domain with 40 x 40. The nested domain i located
over southern Norway. Both domains have the same resolution of 15 x 15
km.
5.1.2 Running the WPS
For real-data cases, as the case in this study, WPS need to be used to obtain
files to put into the initialization program real.exe. WPS is therefor a prepa-
ration process, which includes three independent programs:
1, geogrid.exe: Define the size and location of the domains and interpolate
static geographical data to the grid points, see section 5.1.1 for sizes. Lam-
bert projection is used, as it is in general most suited for mid-latitude do-
mains.
2, ungrib.exe: Extract meteorological fields from real time data set. Meteo-
rological fields is from ERA-Interim every sixth hour for the period July 11-
14 (2013), start time 00 UTC and end 18 UTC, provided by Bjørg Rognerud
(University of Oslo, METOS). Description of ERA-Interim can be seen in
section 5.3. For ungrib.exe to access certain meteorological data, a specific
Vtable need to be used. In this case Vtable is for ECMWF data, provided by
Kjetil Schanke Aas (University of Oslo, METOS).
3, metgrid.exe: Horizontally interpolate meteorological fields to the model
domain.
A successful completion of WPS give NetCDF-files every sixth hour to be
used in the initialization program.
5.1.3 Running WRF
WRF contains four different programs. Used in this study is the initializa-
tion program for real-data cases (real.exe), the numerical integration pro-
gram (wrf.exe) and the one-way nested program (ndown.exe). The last pro-
gram is to do tropical storm bogussing (tc.exe) and is not used. The program
real.exe uses input data from WPS, see previous section 5.1.2. A successful
completion creates input and boundaries for parent and nested domain to
be run by wrf.exe. The program ndown.exe is run in-between the two simula-
tions. The initial and lateral boundary conditions from the parent domain
will than be obtained in the run for the nested domain.
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5.1.4 One-way Nested Run using Ndown
The general purpose of a One-way Nested Run using Ndown is to make
a finer-grid-resolution run of the nested domain and use the initial and
lateral boundary conditions from the coarser domain (parent domain). In
this study the only purpose was to be able to use the initial and lateral
boundary conditions from the parent domain so a smaller domain could be
used with an selected AOD. The nested domain is therefor not a finer-grid-
resolution and has the same resolution as the parent domain.
In figure 24, the process of doing a One-way Nested Run using Ndown is
illustrated. Running real.exe gives wrf input (wrfinput) and wrf boundaries
(wrfbdy) for the parent and nested domain. First wrf.exe is run for the parent
domain. The output file (wrfout) and the wrf input file from the nested
domain (wrfindi) is then run by ndown.exe. ndown.exe creates wrf input and
boundaries to be run again by wrf.exe, which is the simulations for the
nested domain. The nested domain is so on based on boundaries for the
parent domain.
1-Way Nested Run 
geogrid.exe 
geo_em.d01 
geo_em.d02 
Intermediate 
files (FILE:*) 
metgrid.exe 
met_em.d01* 
met_em.d02 
real.exe 
wrfinput_d02 wrfndi_d02 
rename 
wrfout_d01_* 
ndown.exe 
wrfinput_d02 
wrfbdy_d02 
rename 
wrfinput_d01 
wrfbdy_d01 
wrf.exe 
Figure 24: One-Way Nested Run Using Ndown [47].
5.1.5 Physics and change of AOD for nested domain
The schemes used for the different parameterizations are: WRF Single-Moment
3-class scheme (Microphysics), CAM scheme (Longwave Radiation), CAM
scheme (Shortwave Radiation), Eta similarity (Surface layer), Noah Land
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Surface Model (Land surface), Mellor-Yamada-Janjic scheme (Planetary Bound-
ary layer) and Betts-Miller-Janjic scheme (Cumulus Parameterization). The
mainly focus in this study is the CAM Shortwave scheme. The scheme is
based on the principle of δ-Eddington, see chapter 2 under section 2.7. Spec-
tral band number 8 is defined as the visible band, from 0.35 to 0.64 µm. For
every grid box, vertical level and spectral band, the total aerosol optical
depth is computed, currently set to zero in default mode. The total aerosol
optical depth is the sum of different aerosol groups. One AOD group is
called background aerosol depth and has a single-scattering albedo of 0.99,
asymmetry parameter of 0.74 and a forward scattered fraction of 0.55. The
method applied is setting a selected AOD for spectral band number 8 on
three vertical levels for all grid boxes in the domain. Selected levels are cho-
sen to correspond to the altitude of aerosol layer on an altitude of 3-4 km,
see chapter 4 under section 5.1.
5.1.6 Calculation of CLWP
One of the output parameters chosen to be investigated is the cloud liquid
water path (CLWP). Here the calculations of the CLWP is presented.
Using ideal gas law, the pressure for dry air, pd, and water vapor, e, is given
by
pd = ρdRdT e = ρvRvT (24)
where ρd and ρv is the density for dry air and water vapor [kg m−3], respec-
tively, gas constants Rd =287.0 JK−1kg−1 and Rv =461.5 JK−1kg−1 for dry
air and water vapor, respectively, and T is the temperature [K]. The total
pressure is then
p = pd + e = T(ρdRd + ρvRv) (25)
The water vapor mixing ratio is defined
Qv =
mv
md
(26)
where mv and md is the mass of dry air and water vapor [kg]. The density
of water vapor is given by
ρv =
mv
V
(27)
where V is the volume [m3]. With equation 26 and 27 in equation 25, the
pressure is
p = Tρd(Rd + RvQv) (28)
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and the density of dry air can be written
ρd =
p
T(Rd + RvQv)
(29)
The potential temperature is defined
θ = T(p0/p)
R/Cp (30)
where the reference pressure i p0=1000hPa and R is assumed to be Rd and
Cp assumed to be for dry air Cpd=1004 JK−1kg−1. The geopotential is de-
fined
φ = gZ (31)
where g=9.81 [m s−2] is the gravitational constant and Z is the geopotential
height [m]. The CLWP is given by
CLWP =
∫Z
Z0
QcρddZ (32)
where Qc is the cloud mixing ratio defined as mc/md where mc is the mass
of cloud water. Combining equation 29, 30 and 31 the CLWP is given
CLWP =
p(p0/p)
R/Cp
θ(Rd + RvQv)
QcdZ (33)
5.2 eklima
Eklima is a web-based portal by the Norwegian Meteorological Institute,
which provide observation data from weather stations in Norway. The mainly
purpose of the obtained observations is to compare the temperature with
the 2 meter temperature simulated by WRF. Stations are selected according
to cloud free grid points in WRF, which will further be discussed in the
chapter of result 6 under section 6.2. Data for air temperature is available
four times a day; 00, 06, 12, and 18 UTC. [33]
5.3 era-interim
ERA-Interim, provided by ECMWF, is a numerical description of the atmo-
sphere in recent history, so-called reanalysis. Reanalysis is created by com-
bining models and observations. Data assimilation is done with 4-dimensional
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variational analysis (4D-Var) with a 12 hour analysis window. ERA-Interim
is a global data set from 1979 to present. The grid point resolution is a re-
duced Gaussian N128 with a latitude/longitude resolution of 0.75 x 0.75◦.
Parameter used in this study, is the analysis of the "2 meter temperature".
Analysis is a combination of short-range forecast data and observations.
The "2 meter temperature" is analyzed every sixth hour, which also is the
selected time step of the provided data. [13]
6
R E S U LT A N D D I S C U S S I O N
Simulations by WRF have been tested with different values of AOD. The
main idea was to compare two simulations, one with zero AOD and one
with the observed value of 1.1. Other simulations are: AOD=10 and AOD=100.
The simulation time was from July 11 to 14, 2013, where the days in this
study will be called Day 1, 2, 3 and 4, respectively. Parameters investigated
are the surface temperature (2 meter temperature), downward shortwave
(SW) flux and the cloud liquid water path (CLWP). The selected parame-
ters are based on the high dependence of downward SW-flux on the surface
temperature. The downward SW-flux is further on highly dependent on the
presence of clouds.
As we know, a model is far from perfect. It can not simulate the true state
of the atmosphere. As close as we can come the true state, are observations.
It is therefor necessary and interesting to compare these model results with
observations.
In section 6.1, the difference of each parameter for an AOD=1.1 and an
AOD=0 will be presented and discussed as a view over the whole domain
at one time for each day. In section 6.2, the surface temperature, down-
ward SW-flux and CLWP will be presented as a time series of 10 averaged
grid points. Three time series will be presented. One time series will con-
tain the simulated surface temperature for an AOD=0, AOD=1.1, AOD=10
and AOD=100 as well as synoptic observations from Eklima and analysis
from ERA-Interim. The other two time series, will show the difference of
every AOD 6=0 with an AOD=0 for the surface temperature and downward
SW-flux, respectively. They will also include the difference of CLWP for an
AOD=1.1 and AOD=0.
6.1 daily domain comparison
Simulation difference between AOD=0 and AOD=1.1 over the whole do-
main is presented in Figure 25 (Day 1 and 2) and Figure 27 (Day 3 and 4)
for parameters: surface temperature (top figures), downward SW-flux (mid-
dle figures) and CLWP (bottom figures). CLWP for the simulation with an
AOD=0 are presented in Figure 26 (Day 1 and 2) and in Figure 28 (Day 3
and 4).
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Over all, the surface temperature difference is clearly negative dominated
for all days. This means, by a simulation of an AOD=1.1 the surface tem-
perature gets lower in most grid points compared with a simulation of an
AOD=0. Simulations also show that most of the grid points for an AOD=1.1
receives less downward SW-flux. The CLWP for AOD=0 show that on Day
1 and 2 there is almost clear conditions, see Figure 26, and after two days
clouds are almost covering the whole domain, see Figure 28.
The cooling effect is only seen over land and not over the ocean and the
biggest lake in Sweden, Vänern. The surface temperature difference over
the ocean is mostly zero. As the model has constant ocean temperature, the
air temperature will be close to that temperature and no difference will be
seen. The ocean temperature also effect the coast of Norway, where values
than become close to zero.
In some grid points over land, the temperature difference is positive or
largely negative. Positive values means that in some grid points the surface
temperature is higher for the simulation by an AOD=1.1, compared with
an AOD=0. Largely negative values means that the temperature is largely
lower in the AOD=1.1 run. For instance, the temperature difference is seen
to be -1.4, see Figure 25a, and +1.5, see Figure 25b. The positive and largely
negative values are connected to a larger downward SW-flux difference. The
downward SW-flux difference is connected to the CLWP difference. In other
words, the temperature is largely dependent on the presence of clouds for
each simulation.
In some cases the temperature difference is positive without the presence
of clouds. This is for example seen in the bay of Oslo and over the lake Vän-
ern on Day 2, see Figure 25b. The effect is not seen for the same extent on
Day 3 and Day 4. But as can be seen, these are days with clouds in the area,
see Figure 28a and 28b. As the run with an AOD=0 has a warmer surface,
more convection should be created and the process of sea breeze can be
larger. Higher winds over the ocean can decrease the air temperature and
the difference will be positive.
CLWP becomes different for the two simulations. Due to more convection in
the run by AOD=0, values of CLWP difference are larger for positive values.
Clouds are highly sensitive in numerical weather models. The atmospheric
state is highly dependent on the initial state. After time, two almost alike
initial state will diverge from each other. Even though the simulations has
the same physics, a slightly change will contribute to different conditions.
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Figure 25: Difference between WRF simulations of an AOD=0 and AOD=1.1 for
surface temperature ( Day 1 (a) and Day 2 (b)), downward SW-flux (Day
1 (c) and Day 2 (d)) and cloud liquid water path, CLWP (Day 1 (e) and
Day 2 (f)). All plots are at 14:00 UTC.
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Figure 26: Cloud Liquied Water Path (CLWP) for simulation AOD=0 on Day 1 (a)
and Day 2 (b). All plots are at 14:00 UTC.
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Figure 27: Difference between WRF simulations of an AOD=0 and AOD=1.1 for
surface temperature ( Day 3 (a) and Day 4 (b)), downward SW-flux (Day
3 (c) and Day 4 (d)) and cloud liquid water path CLWP, (Day 3 (e) and
Day 4 (f)). All plots are at 14:00 UTC.
54 result and discussion
 
 
 4oE 
   6oE 
   8oE 
  10oE   12oE   14
oE   16
oE 
 
 57oN 
 
 58oN 
 
 59oN 
 
 60oN 
 
 61oN 
 
 62oN 
 
 63oN 
 
 64oN 
 
 
Cloud Liquid Water Path DAY 3
[g
/m
²]
0
50
100
150
200
250
(a)
 
 
 4oE 
   6oE 
   8oE 
  10oE   12oE   14
oE   16
oE 
 
 57oN 
 
 58oN 
 
 59oN 
 
 60oN 
 
 61oN 
 
 62oN 
 
 63oN 
 
 64oN 
 
 
Cloud Liquid Water Path DAY 4
[g
/m
²]
0
20
40
60
80
100
120
140
(b)
Figure 28: Cloud Liquied Water Path (CLWP) for simulation AOD=0 on Day 3 (a)
and Day 4 (b). All plots are at 14:00 UTC.
6.2 time series and observations comparison
Section 6.1 showed a cooling effect over land with an AOD of 1.1. To fur-
ther research the exact value of the cooling effect, the surface temperature
is chosen to be average over 10 grid points and be presented as a time. The
10 grid points are distributed over the inland in Norway, since the tempera-
ture at the coast is obviously influenced by the ocean, see previous section
6.1. As a comparison with synoptic observations is desired, the grid points
are chosen to be closest to a synoptic station with available data of the
surface temperature. As discussed in section 6.1, clouds play a big role for
the temperature difference and downward SW-flux difference. The temper-
ature difference can be largely positive or largely negative in the presence
of clouds. In those cases the values will not correspond to a realistic value
of the temperature difference with and without aerosols. The 10 average
grid points are therefor consciously selected to not consist of CLWP. As the
cloud cover is dominating for Day 3 and 4, see section 6.1, it is impossible
to find a wide distribution of grid points over the domain with zero CLWP
for all days. The selected grid points are therefor with cloud free conditions
on Day 1 and Day 2. Day 1 and 2 are also the interesting days in this study.
Chosen stations are in Aust-Agder (Hynnekleiv, Blåsjø and Sirdal-Sinnes),
in Telemark (Skien - Geiteryggen), in Buskerud (Nesbyen-Todokk and Kongs-
berg Brannstasjon), in Oslo (Oslo-Blindern), in Akershus (Gardermoen and
Ås) and in Østfold (Sarpsborg).
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Figure 29 show a time series of the averaged surface temperature for 10
grid points for AOD=0, AOD=1.1, AOD=10 and AOD=100, including the
surface temperature by Eklima and ERA-Interim. Under the period, the
simulated temperature for an AOD6=0 is less than the temperature for an
AOD=0, except for the beginning of the simulation. In the beginning of the
simulation, the curves are close together but starts to diverge around 6 UTC.
As can be understand, the AOD will only make an impact in the presence
of solar radiation. On the other hand, during night the temperature differ-
ence is still seen, mostly for an AOD=10 and AOD=100. Therefor, the lower
temperature for AOD=10 and AOD=100 during day are still influencing the
temperature during night.
In the case of comparison with Eklima and ERA-Interim, WRF underes-
timates the temperature. At Day 1 and 2, comparing AOD=0 and Eklima, a
difference of approximately 2 degrees is seen, where ERA-Interim is slightly
under Eklima. On Day 3 and 4 the difference is lower, to about 1 degree
compared with Eklima, where ERA-Interim slightly under Eklima. On Day
3 and 4 clouds have presence. WRF underestimate therefor the surface tem-
perature more in clear sky conditions. The comparison with Eklima is based
on the observation time 12 UTC. A comparison with the maximum temper-
ature of the day, see the bottom right-hand side of figure, the difference is
approximately 4 degrees on Day 1, 3 degrees on Day 2, 3.5 degrees on Day
3 and 4 degrees on Day 4. What is also seen, the values of ERA-Interim
lies in-between the simulations and Eklima. That is a good indication, since
ERA-Interim is an analysis and based on the combination of models and
observations.
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Figure 29: Time series of the averaged surface temperature, 10 stations, for simu-
lations by WRF for an AOD=0, AOD=1.1, AOD=10 and AOD=100 for
Day 1 to Day 4. Including synoptic observetions by Eklima and analysis
by ERA Interim. Table bottom right-hand side show maximum temper-
ature of the day by Eklima.
Researching the temperature difference for every AOD6=0 with an AOD=0,
showed that the maximums are not at the same time as the downward SW-
flux has its maximum. The maximum has a tendency to be at 6 UTC and
18 UTC, especially for the difference between an AOD=1.1 and AOD=0.
Figure 30 show a time series for the surface temperature difference for each
AOD6=0 compared with an AOD=0, including CLWP difference between an
AOD=1.1 and AOD=0. Remember on Day 1 and 2 there were clear condi-
tions. As can be seen, on Day 3 and 4, clouds have presence and differences
are seen in the CLWP. What is interesting here, looking at the AOD=1.1 and
AOD=0 difference on Day 1 and 2, a higher value is seen around 6 and 18.
At 6 and 18 the temperature difference is approximately 0.5 degrees com-
parison to the day time in-between, where it is 0.25 degrees (especially for
Day 2). A smaller tendency is seen on Day 3 and 4 during cloudy condi-
tions. For larger AOD, AOD=10 and 100, the same tendency is not seen.
The same time series is plotted for the downward SW-flux difference, see
figure 31. The SW-flux difference between AOD=1.1 and AOD=0 is less at
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12 than just after 6 and just before 18 on Day 1 and Day 2. The same struc-
ture is not seen in the comparison with an AOD=10 and AOD=100.
At 6 and 18 is the time when the sun raises and goes down, respectively.
When the sun is lower the path for the penetrating solar radiation trough
the layer of an AOD6=0 will be longer. For smaller AOD (∼1), the direct
radiation through the layer is dominant and for larger AOD (∼10), diffuse
radiation through the layer is dominant. Therefor, more multiple scattering
occur for an AOD=10 and AOD=100 and the tendency will not be seen.
The peak on Day 3 for CLWP, see Figure 30 and 31, corresponds to more
CLWP created in simulations by an AOD=0. This leads to a smaller temper-
ature difference between an AOD=1.1 and AOD=0. This indicates further
again, the very large importance of CLWP, which is the dominated contrib-
utor to the differences in each run.
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Figure 30: Time series of the averaged surface temperature and cloud liquid water
path (CLWP) differences for 10 stations between an AOD=1.1, AOD=10
and AOD=100 with an AOD=0 for Day 1 to Day 4. CLWP is only the
difference between an AOD=1.1 and AOD=0.
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Figure 31: Time series of the averaged downward SW-flux and cloud liquid water
path (CLWP) differences for 10 stations between an AOD=1.1, AOD=10
and AOD=100 with an AOD=0 for Day 1 to Day 4. CLWP is only the
difference between an AOD=1.1 and AOD=0.
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C O N C L U S I O N A N D F U T U R E W O R K
In the two concerned periods, events 1 and 2, the smoke most likely origi-
nated from wildfires in Quebec, Canada. Recall, event 1 is from June 22 to
27 and event 2 from July 4 to 14, 2013.
• EVENT 1: The source could have been a wildfire east of Manicouagan
Lake. The wildfire grew rapidly and developed a very large smoke plume
during June 22 and 23, see the large area burned east of Manicouagan Lake
in Figure 32. The smoke was detected by OMPS and CALIPSO over the east
coast of Canada, east of Newfoundland, on June 23. By CALIPSO measure-
ments, the smoke was detected on an altitude of 4-6km, where also a wind
speed of 50 knot was observed. It took approximately 2-3 days to reach Eu-
rope, where it was observed south of England on June 25. In England an
AOD value of 1.9 was detected by sun photometer operated by AERONET.
In the Netherlands a ceilometer observed the smoke on an altitude of 3.5
km, and it had a thickness of 500m.
Figure 32: MODIS-Aqua satellite image of wildfires burning in Quebec on July 4,
2013. Detection of hot spots are outlined in red. [30]
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• EVENT 2: The source could have been the wildfire in the Eastmain
region. The fire is called the Eastmain fire, and on July 4 a large amount of
smoke in the combination of pyrocumulonimbus clouds were created, see
the fire in Figure 32. The Eastmain fire was the 2nd largest fire since 1959.
A trough on a pressure level of 500mb over the Atlantic was seen on July 7.
The smoke therefore got transported further up in Europe, to Scandinavia.
The smoke was observed over Sweden by MODIS on July 8 with an AOD
of 1.5, verified by an operating sun photometer (AERONET). On the same
day, ceilometer in Norway detected the smoke plume on an altitude of 3-4
km.
7.1 wrf simulations
Differences in surface temperature and downward SW-flux for three differ-
ent AOD values are presented in Table 2, for clear sky conditions. An AOD
of 10 is a typical value of an altostratus cloud and an AOD of 100 can be
a very thick nimbostratus. From our simulations using WRF we found that
an AOD value of 1.1 decreased the surface temperature by 0.25-0.5 degrees.
In this case, the difference in downward SW-flux was approximately 5% of
the downward SW-flux with an AOD value of 0. However, this effect was
small compared to the one induced by CLWP differences.
Simulation T SW
AOD=1.1 vs. AOD=0 0.25-0.5 K ∼40W/m2
AOD=10 vs. AOD=0 1.7-1.9 K ∼200W/m2
AOD=100 vs. AOD=0 2.8-3.2 K ∼320W/m2
Table 2: Difference in surface temperature (T) and downward SW-flux (SW) be-
tween AOD=0 with AOD 6=0. Simulations with 40x40 domain and a reso-
lution of 15x15 km for clear sky conditions.
By using the same method as applied in this thesis, it would be interest-
ing to see the surface temperature impact in other SW radiation schemes in
WRF. Since any model has its own weaknesses and is not perfect, it would
be worthwhile to compare with results from other numerical weather pre-
diction models.
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